Paenibacillus aceris sp. nov., isolated from the rhizosphere of Acer okamotoanum, a plant native to Ulleungdo Island, Republic of Korea Ye-Ji Hwang and Sa-Youl Ghim*
Paenibacillus comprises a group of bacilli that was identified as a separate genus from Bacillus by Ash et al. [1] , based on 16S rRNA-based phylogenetic analysis. Paenibacillus species have been isolated from plant roots [2] , freshwater [3] , necrotic wounds [4] , raw and heat-treated milk [5] , warm springs [6] and the air [7] . Members of the genus Paenibacillus are facultatively anaerobic, Gram-positive rods with a 45-54 mol% DNA G+C content. Some species secrete diverse extracellular polysaccharide-hydrolysing enzymes [8] . The type species of the genus Paenibacillus is Paenibacillus polymyxa Ash et al. [9, 10] . The genus comprises more than 174 recognized species and four subspecies.
Ulleungdo is an island located in the East Sea, 130 km from mainland Korea at latitude 37 29¢ N and longitude 130 54¢ E. While monitoring the bacterial community of the islands of Dokdo and Ulleungdo, Republic of Korea, some novel species have been discovered. Here, we report a novel bacterial strain, KUDC4121 T , which was isolated from the rhizosphere of Acer okamotoanum, a plant native to Taehadong, Ulleungdo Island. Strain KUDC4121
T is a Paenibacillus-like bacterium showing low 16S rRNA gene sequence similarity with other recognized species. Therefore, we propose that this species represents a novel species in the genus Paenibacillus.
In September 2006, soil samples were collected from the rhizosphere of plants proximal to the regions of Taeha-dong, Seo-myeon, Ulleung-gun and Gyeongsangbuk-Do. The samples were collected in sterile 50 ml tubes and then stored at 4 C in the laboratory. The samples were suspended in saline solution (0.85 %, w/v, NaCl), and serial dilutions (10
À4
-10 À6 ) were prepared. Aliquots (100 µl) of each dilution were spread on tryptic soy agar (TSA; Difco) and incubated at 25 C (ambient atmosphere) for 7 days [11] . Individual colonies appearing on the plates were analysed for classical phenotypic characteristics such as colony shape, colour and size, and were purified. Individual purified colonies were cultured on TSA and stored at À70 C in 0.85 % (w/v) NaCl saline solution containing 15 % (v/v) glycerol.
The phylogenetic position of the isolate was determined based on comparative 16S rRNA gene sequence analysis. The 16S rRNA gene was amplified using a pair of universal primers, H+ (5'-GAGTTTGATCATGGCTCAG-3') and SEÀ (5'-ACGGTTACCTTGTTAGCACTT-3'), as described by Yoon et al. [11] . The amplified DNA was purified using the DNA PrepMate kit (Bioneer). The nearly complete 16S rRNA gene sequence of strain KUDC4121 T (1502 bp) was compared using the EzTaxon-e server (http://eztaxon-e. ezbiocloud.net/) [12] [13] , and sequence data were analysed with the software package BioEdit [14] . Gaps at the 5¢ and 3¢ ends of the alignment were omitted from further analyses. An evolutionary distance matrix was generated according to Jukes and Cantor [15] , and phylogenetic trees were reconstructed using the neighbour-joining [16] , maximum-likelihood [17] and maximum-parsimony [18] algorithms in the PHYLIP package version 3.696 [19] . The resulting tree topologies were evaluated by a bootstrap analysis based on 1000 replications [20] using the Seqboot and Consense programs in the PHYLIP package. In the phylogenetic tree reconstructed based on the neighbour-joining algorithm ( Fig. 1) , strain KUDC4121 T was grouped with seven Paenibacillus species at high bootstrap resampling values. The novel strain grouped most closely with P. alginolyticus DSM 5050 T and P. frigoriresistens YIM 016 T , with a bootstrap resampling value of 81 %. Furthermore, strain KUDC4121
T was closely related to the seven strains with which it shared high 16S rRNA gene similarities and formed a distinct phylogenetic lineage, corresponding to a novel species in the genus Paenibacillus (Figs 1, S1 and S2, available in the online Supplementary Material). For an extended phylogenetic tree, see Fig. S3 .
Chromosomal DNA, which was used for G+C content and DNA-DNA relatedness analyses, was extracted and purified as described by Sambrook and Russell [21] and Yoon et al. [22] . Cell biomass for DNA extraction was cultured in R2A broth (MB Cell) at 30 C for 2 days. Briefly, genomic G+C content was determined as described by Tamaoka and Komagata [23] Cells grown on TSA at 30 C for 2 days were observed under a stereomicroscope equipped with a Zentech digital camera (Sw 804255; Samwon Optics and Seige), a scanning electron microscope (SU 8220; Hitachi) and a transmission electron microscope (H-7100; Hitachi). Gram staining was determined using a Gram stain kit (bioM erieux) according to the manufacturer's instructions. For phenotypic characterization and comparative purposes, the reference strains P. chondroitinus DSM 5051 T , P. alginolyticus DSM 5050 T , P. ferrarius CY1 T , P. pocheonensis Gsoil 1138 T , P. frigoriresistens YIM 016 T , P. pectinilyticus RCB-08 T and P. aestuarii CJ25
T were used. The growth capabilities of the strains at different temperatures (4, 10, 18, 25, 30, 40 and 45 C) were determined on TSA. pH tolerance was determined on TSA adjusted to various pH values (pH 4-11, at 0.5 pH unit intervals) by the addition of HCl or NaOH prior to sterilization. Growth in the absence of NaCl and salt tolerance were tested at 0-8 % (w/v) NaCl (0.5 % intervals) in tryptic soy broth (TSB; Difco). To assess anaerobic growth, stains were cultured on TSA for 7 days at 30 C under anaerobic conditions in a GasPak vEZ Standard Incubation Container (BD Biosciences). Motility was tested by observing cell growth on BBL Motility Test Medium (BBL; BD Biosciences). Catalase activity was determined in 3 % (v/v) hydrogen peroxide solution, whereas oxidase activity was determined using BBL Oxidase Reagent (BD Biosciences). Hydrolysis of casein, starch, and Tweens 20, 40, 60 and 80 was determined as described by Cowan and Steel [26] . Hydrolysis of hypoxanthine, tyrosine and xanthin at the substrate concentrations reported by Cowan and Steel [26] was determined by incubation on TSA at 25 C. Other physiological and biochemical tests were carried out using API 20E and API 20NE kits (bioM erieux) after incubation at 30 C for 2 days. Enzymatic activities were tested using an API ZYM kit (bioM erieux) after incubation at 25 C for 12 h. For endospore formation experiments, the strain was grown under various conditions for T was used as an outgroup. Filled circles indicate that the corresponding nodes were also obtained in the maximum-likelihood and maximum-parsimony trees. Open circles indicate that the corresponding nodes were also obtained in the maximum-likelihood tree. Bar, 0.01 nucleotide substitutions per position.
3, 10 and 21 days, and spores were detected using a fluorescence microscope (Nikon ECLIPSE Ni-U).
Bacterial cells of the novel strain were rod-shaped, Gramstain-positive and non-spore-forming (Fig. S4) . Cells grew well on R2A agar and TSA plates. Single cells were slightly curved, non-motile rods, 0.2-0.4Â2.0-2.5 µm in size. The strain did not form endospores in FMC broth [27] , TSB, 5Â TSB, 1/3 TSB or 1/3 TSB containing 1 % starch, nutrient broth (NB; Difco), Luria-Bertani broth (LB; Difco) or minimal medium broth at various temperatures (4, 10, 30, 40 and 50 C) and pH values (pH 4, 6, 7, 8, 10, 12) . Colonies on R2A agar were circular with an undulatory margin, flat, translucent, creamy white and approximately 2-3 mm in diameter after 3 days of incubation at 30 C. Growth occurred at 18-37 C (optimum, 30 C) in 0-0.5 % (w/v) NaCl (optimum, 0.5 %) and at pH 6-7 (optimum, pH 7) under aerobic conditions on R2A agar. Cells were catalaseand oxidase-positive. No flagella were observed by transmission electron microscopy (Fig. S5) . Although the presence of a flagellum is a common characteristic of species in the genus Paenibacillus, there are some species without flagella [28] [29] [30] . Other characteristics of strain KUDC4121
T are listed in the species description, and the phenotypic differences between strain KUDC4121
T and seven reference species are presented in Table 1 .
The strain was further characterized by chemotaxonomic analysis. Isoprenoid quinones were extracted according to a previously described method [31] and analysed by reversedphase HPLC on a YMC ODS-A (250Â4.6 mm) column [32] . For fatty acid methyl ester analysis, cells of strain KUDC4121
T and Paenibacillus type strains were collected from R2A agar plates after cultivation at 30 C for 3 days. Fatty acid methyl esters were saponified, methylated and extracted according to the standard MIDI protocol (Sherlock Microbial Identification System, version 4.0; MIDI). Fatty acids were analysed by GC (6890; Hewlett Packard) and identified using the TSBA 40 database of the Microbial Identification System [33] . Polar lipids were examined by two-dimensional TLC and identified by previously described methods [34] . For analysis of cell wall peptidoglycans, all strains were cultivated in TSB at 37 C for 48 h until the OD 600 reached 0.8 (mid-exponential phase). Hydrolysis of peptidoglycans was performed as previously described [35] , followed by one-dimensional TLC [36] .
The strain contained menaquinones in the form of isoprenoid quinones. The predominant menaquinone was MK-7. This result is in accordance with the finding that MK-7 is the major quinone in most Paenibacillus species [8] . Cellular fatty acid profiles of strain and phylogenetic neighbours are presented in Table 2 . The major fatty acids in the isolated strain were anteiso-C 15 : 0 (62.5 %), iso-C 16 : 0 (11.6 %) and C 16 : 0 (10.8 %). Strain KUDC4121
T showed a saturated C 16 : 0 fatty acid fraction that differed from that of P. chondroitinus DSM 5051 T , P. alginolyticus DSM 5050 T , P. ferrarius CY1 T , P. pocheonensis Gsoil 1138 T , P. frigoriresistens YIM 016
T , P. pectinilyticus RCB-08 T and P. aestuarii CJ25 T .
The fraction of the branched, unsaturated iso-C 14 : 0 fatty acid in strain KUDC4121 T was higher than that in all phylogenetically related Paenibacillus type strains, except for P. aestuarii CJ25
T . The polar lipids of strain KUDC4121 T were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, phosphatidyl-N-methylethanolamine, an unidentified aminophospholipid and three unknown lipids (Fig. S6) . Species within the genus Paenibacillus contain diphosphatidylglycerol, phosphatidylethanolamine and phosphatidylglycerol as the major polar lipids [37] , and phosphatidyl-N-methylethanolamine is the predominant polar lipid in some species [38, 39] . The cell wall peptidoglycans contained meso-diaminopimelic acid as the major diagnostic diamino acid. These features are commonly observed in members of the genus Paenibacillus [8] . Alanine, aspartic acid and glutamic acid were also present in the cell wall.
Based on the phenotypic, chemotaxonomic, phylogenetic and genetic data presented, strain KUDC4121 T is considered to represent a novel species in the genus Paenibacillus, for which the name Paenibacillus aceris sp. nov. is proposed.
DESCRIPTION OF PAENIBACILLUS ACERIS SP. NOV.
Paenibacillus aceris (a¢ce.ris. L. gen. n. aceris of Acer okamotoanum, the plant from which the type strain was isolated). 
Acid production from: Glycerol 
